A B S T R A C T Renal glucose titration studies were carried out in 10 members of two pedigrees with familial renal glycosuria to test the accepted hypothesis of autosomal dominant inheritance and to investigate the genetic significance of "type A" and "type B" renal glycosuria. In one family, a brother and sister each had a moderately reduced threshold and tubular maximum for glucose (type A), but both of their parents reabsorbed glucose normally. In the second family, two brothers had severe type A renal glycosuria, their mother and one brother had a mild type A defect, and another brother demonstrated a reduced threshold, an exaggerated splay, and a normal tubular maximum, indicative of type B glycosuria.
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A B S T R A C T Renal glucose titration studies were carried out in 10 members of two pedigrees with familial renal glycosuria to test the accepted hypothesis of autosomal dominant inheritance and to investigate the genetic significance of "type A" and "type B" renal glycosuria.
In one family, a brother and sister each had a moderately reduced threshold and tubular maximum for glucose (type A), but both of their parents reabsorbed glucose normally. In the second family, two brothers had severe type A renal glycosuria, their mother and one brother had a mild type A defect, and another brother demonstrated a reduced threshold, an exaggerated splay, and a normal tubular maximum, indicative of type B glycosuria.
Hexose transport by intestinal mucosa was also investigated in controls and in the three brothers with the most severe renal glycosuria. D-glucose-1'C and 3-0-methylglucose-1'C were accumulated by jejunal mucosa from controls by processes which were saturable and concentrative. No differences in hexose transport were observed in the patients with renal glycosuria.
We conclude that familial renal glycosuria can be inherited as an autosomal recessive trait; that mild and severe type A renal glycosuria and type B renal glycosuria can occur in the same pedigree; and that defective reabsorption of glucose by the kidney need not be accompanied by abnormalities in intestinal glucose transport. These findings indicate that glucose transport in the gut and kidney are not mediated by identical mechanisms, and that several different mutations are responsible for the phenotypic variability in familial renal glycosuria. INTRODUCTION Familial renal glycosuria results from an inherited defect in the tubular reabsorption of glucose. The condition is diagnosed by finding glucose in the urine when blood glucose concentrations are normal. Although a reabsorptive defect for glucose often occurs in association with generalized proximal tubular dysfunction, we will reserve the term familial renal glycosuria for that condition in which no other abnormality of renal function is demonstrable. Previous investigations of the mode of inheritance of this disorder used oral glucose tolerance tests as the diagnostic technique. Results otbained with this relatively crude technique in a small number of families were interpreted as evidence for autosomal dominant inheritance (1) (2) (3) . Several observations raised questions about this conclusion. When quantitation of renal glycosuria was attempted, the severity of glycosuria varied considerably within the same sibship (4) . The frequency of severe renal glycosuria was less than the frequency of mild renal glycosuria (5-7). Finally, pedigrees were described in which "mild glycosuria" was noted in both parents of a consanguineous mating whose children had "heavy glycosuria" (8) .
A more precise means of quantitating renal glucose transport in vivo is available but has not been applied to a genetic analysis of familial renal glycosuria. This technique, known as renal glucose titration, provides an estimate of the minimal threshold (FminG) and the maximal reabsorptive capacity (TMi) for glucose (9, determine whether type A and type B renal glycosuria are genetically distinct.
The intestine and the kidney are two organs in man whose functional differentiation for transport is similar. This similarity is correlated with strikingly similar histologic findings in the brush border of the proximal tubular epithelium and the jejunal epithelium (11) . Previous investigations have described three inherited disorders of amino acid transport in which renal and intestinal transport defects were associated (12) (13) (14) . A similar correlation was noted in another inherited defect of glucose transport, the glucose-galactose malabsorption syndrome (15) . Because of these previous correlations we investigated intestinal hexose transport in patients with renal glycosuria.
METHODS
Patients studied. Seven normal volunteers and 10 members of two families with renal 'glycosuria were admitted to the Clinical Research Center of Yale-New Haven Hospital for study. Each patient was informed in detail of the investigative nature of the study and the procedures to be performed. The diagnosis of renal glycosuria was suspected by finding glycosuria during an otherwise normal glucose tolerance test. Patients were then placed on a calculated diet consisting of 30 cal/kg and 1 g of protein per kg. 50% of the total caloric intake was administered as carbohydrate. The 24-hr urine from patients with renal glycosuria contained excessive glucose when compared with seven normal volunteers maintained on a similar diet (Table I) . In patients with renal glycosuria the specificity of their renal tubular defect was confirmed by finding normal clearance of phosphate and uric acid and normal patterns of urinary amino acid excretion by electrophoresis.
Renal glucose titration studies. After an overnight fast, each patient was given 500 ml of water every 30 min from 7 a.m. to 12 noon to achieve a urinary flow rate of 10-20 ml/ min. 2 hr after beginning the water loading, a priming dose of inulin (50 mg/kg) was administered through an in- at a given time will be related to both these processes (21) .
The following equation taken from Akedo and Christensen (22) represents these two forms of uptake:
Where Y is the velocity of mediated uptake, At is the medium concentration, and KD is the apparent diffusion constant. By integration 'the above expression becomes:
A.
Y (1 -e-KDI)-+ (1 -e Dt).
Af D~~Af (2) At very high concentrations the saturable component will be saturated, and Y will be constant. Thus in a plot of the distribution ratio (Ad/At) vs. the reciprocal of the medium concentration (1/At) a straight line will be obtained at high substrate concentrations with an ordinate intercept of (1-eKDt). In our experiments a linear relationship was found at 10, 20, and 40 mm hexose, and the KD was calculated from the observed intercept (1 -eKDt). a,// D r" (Fig. 3) Intestinal transport of 3-0-methylglucose-'C and D-glucose-1C. Intestinal hexose transport was studied in three patients from Pedigree Hol (patients II-4, II-5, and II-7) who exhibited the most severe renal defect for glucose transport. Several kinds of studies of 3-0-methylglucose-14C uptake by jejunal mucosa failed to detect an intestinal transport defect. As indicated in Fig. 5 , normal controls concentrated this glucose analogue to intracellular concentrations eight times that in the incubation medium. More importantly, the 'three patients accumulated this hexose to distribution ratios indistinguishable from normal throughout the 60 min time course. In addition, a kinetic analysis of 3-0-methylglucose-'C transport over a 400-fold substrate concentration range failed to differentiate patients with renal glycosuria from normal controls (Fig. 6) . Uptake of this hexose by jejunal mucosa demonstrated saturability and could be plotted in the double-reciprocal manner of Lineweaver and Burk (23) . An apparent Km of 7.7 mmoles/liter and a Vm51 of 25 mmoles/liter per 10 min was obtained. No change in the affinity or capacity of the jejunal transport system for 3-0-methylglucose was observed in patients with renal glycosuria.
Although 3-0-methylglucose shares at least one carrier mechanism with D-glucOse (24, 25) , the inherited glucose transport defect in renal glycosuria may not involve the same intestinal carrier mechanism. Therefore, an investigation of D-glucose uptake was undertaken in normal controls and in patient II-7 from Pedigree Hol. No abnormality for D-glucOse uptake could be discerned. The results of a single incubation time study over a 60 min period is shown in Table III . Uptake by jejunal mucosa from the patient and control was similar at each time point. D-glucose was accumulated in the tissues to concentrations greater than 20 times the medium. That D-glucose-'C was present in tissue and media as true D-glucose was confirmed by radiochromatography and by simultaneous enzymatic determination of glucose. Thus, glucose transport was rate limiting, and D-glucose-14C could be used for the kinetic analysis demonstrated in Fig. 7 . An apparent Km with renal glycosuria. To our knowledge these studies represent the first published kinetic analyses of in vitro glucose transport by human jejunal mucosa. The values for Km and V... were similar to those obtained by Crane from hamster jejunum (25) . DISCUSSION Renal tubular reabsorption of glucose requires an active transport system which presumably involves a stereospecific membrane-carrier mechanism. This catalytic reaction requires energy and is competitively inhibited by phlorhizin (26) . The in vivo saturation of renal tubular glucose reabsorption demonstrated by glucose titration techniques may be considered analogous to in vitro enzyme kinetics. As the substrate concentration (filtered glucose load) is increased, the velocity of the reaction (tubular reabsorption of glucose) is increased until a maximum velocity (TmG) is reached. Thereafter, further increases in substrate concentration are not accompanied by increases in the velocity, because the capacity of the system has been reached. The initial step 
Genetics of Hexose Transport
The trait for familial renal glycosuria is classically defined as an autosomal dominant one (1) (2) (3) (12) (13) (14) . In hopes of clarifying the mode of inheritance in Pedigree Hol, hexose transport by intestine was studied in the two brothers with severe type A and one brother with type B renal glycosuria. Since 3-0-methvlglucose shares an intestinal transport site with D-glucose (24, 25) , the transport of this nonmetabolized analogue was investigated first. Uptake of this hexose was no different in the patients than in controls. The biopsy specimens from both groups demonstrated saturation kinetics with similar capacity and affinity for 3-0-methylglucose transport. Since the defect for glucose transport might affect a carrier mechanism which is not shared with 3-0-methylglucose, the transport of true glucose was also investigated in intestinal mucosa from the most severely affected patient with type A renal glycosuria. No impairment in uptake or saturation kinetics was found in this patient. Thus, in this family with renal glycosuria, the kidney and intestine do not share a defective hexose transport system.
It seems likely that the phenotypic variation in patients with familial renal glycosuria reflects-several different mutations. In some families (Pedigree Cov) the presumed carriers are not detectable by glucose titration techniques as they are in others (Pedigree Hol). In some affected individuals the capacity for renal glucose transport is impaired, whereas in others only the threshold is lowered. In some families (Pedigree Hol) a severe defect in renal glucose transport is not accompanied by a defective intestinal glucose transport. However, in another inherited disease of glucose transport, the glucose-galactose malabsorption syndrome (15), a specific renal glucose transport defect is accompanied by a severe intestinal defect. These observations indicate the complexity of familial renal glycosuria and the need for further investigation using similar techniques for evaluating inherited variations in transmembrane transport.
